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Polymeric materials containing 1,4-disubstituted aryl rings with ether (E), ketone (K) and/or sulphone (S)
linkages, and in which certain rings are monosulphonated, give extremely complex !3C nuclear magnetic
resonance (n.m.r.) spectra. The quaternary carbon atom shifts, which are particularly sensitive to changes
in the monomer sequences and sulphonation pattern, have been assigned to specific sequences and pattern
differences, with signals characterized by either ortho or meta sulphonation of rings up to three rings distant
from the observed carbon atom (C*) being resolved. The shifts obtained for the sulphonated ES/EES
copolymer, when compared with those of the non-sulphonated material, suggest the major transmission
mechanism for sulphonation effects to be via the = system, with a possible anisotropic effect contributing
to the longer-range shifts, induced by the specific conformation the chain adopts. This argument leads to
a full assignment, including specific sulphonation patterns, of the sulphonated ES/EES copolymer '3C
n.m.r. spectrum in deuterated dimethylsulphoxide (DMSO-dg).
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INTRODUCTION

Sulphonation of polymeric aryl ether-containing materials
and, in some cases, further modification of the sulphonate,
has been extensively used to improve the hydrophilicity®
and, due to a reduction in crystallinity, the solubility? of
the polymers whilst retaining their excellent mechanical
and thermal properties®>>. As for any electrophilic
substitution, the severity of the required conditions is
dependent on the degree to which the ring is activated
or deactivated towards the incoming electrophile, and
several procedures have been described for the sulphon-
ation of polymeric aryl ether materials. The di-ether
flanked ring in poly(aryl ether ether ketone) (PEEK) is
monosulphonated?, without appreciable degradation,
by dissolution in concentrated sulphuric acid (a small
amount of water must be present to prevent crosslinking
via sulphone formation®). Conversely the 'H n.m.r.
spectrum of poly(aryl ether ketone) (PEK), which only
contains rings substituted by one ether and one carbonyl
function, shows no evidence of sulphonation having
occurred in sulphuric acid’. Generally less activated rings
require, in addition to higher temperatures and longer
reaction times, reagents such as chlorosulphonic acid®*®
or SO, with triethyl phosphate®'°, and dissolution of
PEEK in the former does cause some sulphonation of
the oxycarbonyl rings, probably ortho to the ether
function®.

Spectral characterization of the sulphonated materiais
has depended on infra-red!:2:%-® and, to an extent, 'H
n.m.r. spectroscopy, the latter technique being particularly
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applicable to the determination of the degree of sulphon-
ation'!!. 13C n.m.r. spectra of these materials have not
been extensively reported; however, confirmation of the
maximum attainable level of PEEK sulphonation in
sulphuric acid was obtained from the deuterated dimethyl-
sulphoxide (DMSO-d,) solution spectrum of the recovered
material?. It was further observed that each of the
quaternary carbons of the oxycarbonyl rings neighbouring
the sulphonated di-oxy ring were split into two signals,
suggesting a long-range effect of the sulphonic acid
function, either through space or bonds, on the carbon
chemical shifts. The sensitivity of the quaternary carbon
shifts in non-sulphonated aryl ether-containing materials
has been shown in previous parts of this series'?~'* and
it seems probable that similar effects should be present
for the sulphonated polymers.

Qualitative'? and quantitative interpretations of
the complex signal patterns observed for the quaternary
carbon signals in the DMSO-dg solution spectra of
copolymers containing 1,4-disubstituted rings and various
bridging groups have led to the derivation of a series of
shift parameters for the sulphone and ketone!?, biphenyl**
and sulphide!® functionalities. These parameters are
based on a poly(aryl ether) chain having a quaternary
carbon atom C* (see below), and describe the change in
chemical shift of C* caused by replacing an ether function
by an alternative bridging group at each position (i.e. «,
B, a, b, etc.). In extending this approach to include
sulphonation effects, additional nomenclature is intro-
duced. Thus, for example, the four sulphonating positions
in the di-oxy ring in PEEK are clearly chemically
equivalent; however, with respect to the chemical shift
of a specific quaternary carbon atom there are two
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inequivalent sulphonation sites. Relating this to the
poly(aryl ether) base chain, these sites are designated
ortho and meta, depending on their orientation with
respect to C*. Numbering of the rings (see below) then
allows a complete description of the sulphonation pattern
and monomer (bridging group) sequence which give rise
to a specific signal in the !3C spectrum.

SEchcpehopohcpNe

EXPERIMENTAL

Sulphonated copolymers were prepared by dissolution
of the copolymer in concentrated sulphuric acid, using
long reaction times to ensure that the maximum level of
sulphonation was attained. The material was then
recovered by precipitation with water.

Spectra were recorded on a Jeol FX270 spectrometer
at 80°C in DMSO-d, solution, using conditions similar
to those previously described'?. Chemical shifts were
referenced to the central peak of the DMSO-d¢ multiplet
(39.6 ppm).

DISCUSSION
Sulphonated aryl ether sulphone/aryl ether ether sulphone
copolymer (sES/EES)

The arguments outlined above for PEEK are also
applicable to PEES and the random ES/EES copolymer,
i.e. only sulphonation of the di-ether flanked rings occurs
in concentrated sulphuric acid due to the deactivation of
other rings by the sulphone function. The DMSO-d,
solution spectrum of the recovered material (Figure 1) is
complex and signals for the quaternary carbons (1-20)
can only be assigned by considering changes in sulphon-
ation pattern and functional groups at considerable
distances from C*. We have already shown!® that
quaternary carbon signals resulting from sequences
differing in the ‘6° and ‘d’ positions (i.e. ether or sulphone
functionality) can be resolved in the DMSO-d solution
spectrum of non-sulphonated ES/EES, so the invocation
of long-range sulphonation effects seems entirely reason-
able. An assignment of the SES/EES quaternary carbon
signals is given in Table I and, as for the non-sulphonated
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Figure 1 The 13C n.m.r. spectrum of sulphonated ES/EES copolymer

Table 1 Assignments for the sulphonated ES/EES copolymer

ES/EES*

Signal Sequence Shift shift
number 07377287 1a% al b2 3 d (ppm) (ppm)
1 E S E° ES E S E 162.44 161.18
2 E S E° ES E"E S 162.36 161.06
3 E S E° ES E°E S 162.20 161.06
4 E S E"E S E S E 161.16 161.18
5 E S E"E S E"E S 161.08 161.06
6 E S E"E S E°E S 160.92 161.06
7 Y E S ES ES E 159.10 159.11
8 Y E S ES E"E S 159.01 158.98
9 Y E S ES EES 158.85 158.98
10 Y E S E"ES FY 150.41 151.20
11 Y E S EES FEY 147.28 151.20
12 S EE E S ESPFEFY 137.13 136.88
13 S E"E S ES EY 136.81 136.88
14 E S E SESPFEFY 136.55 136.55
15 S EP E S E"E S E 135.64 135.32
16 S E"E S E"E S E 135.32 135.32
17 E S E S E"E S E 135.06 135.00
18 S EP E S EPE S E 134.34 135.32
19 S E"E S EPE S E 134.02 135.32
20 E S E S EPE S E 133.76 135.00

“ Non-sulphonated ES/EES shifts from ref. 13

material, three distinct signal groups are seen, which are
characterized by different ‘a, a’-diad functionality'3.

For sequences having an EE ‘a, a’-diad (10 and 11) the
shift is dependent only on the sulphonation pattern in
ring 0. A qualitative comparison of the calculated shifts
(obtained from the ES/EES shift!® and aryl ring sub-
stituent effects, +0.8 (meta) and —2.7 (ortho), for the
sulphonic acid group!®) shows signal 10 to arise from
the sequence having meta sulphonation in ring 0 with
signal 11 due to ortho substitution. Quantitatively,
however, the sulphonic acid group produces a much
larger upfield shift (from the ES/EES value of 151.19 ppm)
of the ortho quaternary carbon, compared to the litera-
ture substituent shift of —2.7ppm?!®, whilst the meta
quaternary carbon shift is also upfield of the non-
sulphonated signal, in contrast to the downfield shifts
observed for m-SO;X groups in monosubstituted rings*®.
The occurrence of the non-sulphonated EE ‘x, a’-diad
signal downfield of the sulphonated signals also occurs
in the sPEEK (partially sulphonated) DMSO-d,
spectrum?.

One further point regarding signals 10 and 11 concerns
possible functionality variation in the ‘4’ and ‘d’ positions,
and, for sequences having an ether function in either or
both of these positions, possible sulphonation effects from
ring —3 and/or ring + 3. Both 10 and 11 might, on this
basis, conceivably consist of nine signals: four from
functionality differences, of which one—that having both
‘6> and ‘d’ ether functions—is further split into four
signals having differing sulphonation patterns in +3
and —3; a further two—those having either a ‘6’ or a ‘d’
ether—are split into two signals reflecting sulphonation
effects from rings —3 and +3 respectively; and the
remaining sequence having sulphone functionality at
both ‘6’ and ‘d’ positions and hence no superimposed
sulphonation effects. Signals 10 and 11 are broad, which
might indicate fine structure, and a higher-field spectro-
meter may allow some or all of the nine signals to be
resolved. In Table I °Y’ indicates unresolved sequencing
information and ‘y’ unresolved sulphonation pattern
information.
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The ES ‘a, a’-diad signals consist of three groups, each
containing three signals. The high-intensity signal 7 is
readily assigned to the PES homopolymer sequence (the
ES/EES material was predominantly ES in nature),
which, since it contains no rings that can be sulphonated
by concentrated sulphuric acid, occurs at a similar shift
to the sequence in non-sulphonated ES/EES (again the
resolution is too low to observe sequencing information
in the é position). The accompanying signals (8, obscured
by the PES signal, and 9) arise from the SESEE (B, «,
a, b, c) sequence and are characterized by different
sulphonation patterns in ring +2. A similar splitting is
observed for signals 2, 3 and 5, 6, whilst the signal groups
1-3 and 4-6 differ in the sulphonation pattern of ring
— 1; however, in both cases there are insufficient data to
allow a direct assignment of each signal to either meta
or ortho sulphonation. The specific sulphonation patterns
given (Table 1) will be justified, on the basis of larger
effects induced by ortho substitution, in a later section.
Much the same arguments may be applied to the SE
‘a, a’-diad sequences, giving the assignments for signals
12-20, and, in each case (ES and SE signals), the signal
intensities are consistent with a predominantly ES-
containing ES/EES copolymer, the effect of sulphonation
being to reduce further the intensity of sequences contain-
ing one or two EE units, since these are split into two
and four distinct signals respectively.

Sulphonated poly(aryl ether ether ketone) (sSPEEK)

Partially resolved '3C spectra of partially and fully
sulphonated PEEK have been recorded and assigned by
Jin et al.? and our more detailed assignments are based
on these spectra. Four distinct signals were resolved for
each of the quaternary carbon atoms in the oxycarbonyl
ring, reflecting, for the EK ‘«, a’-diad sequences, sulphon-
ation patterns in rings —1 and +2 and, for the KE
‘a, a’-diad sequences, similar information from rings + 1

Table 2 Assignments for sulphonated PEEK

and — 2. Once again it is not possible to define the specific
pattern in each ring from a direct observation of the
spectrum; however, the same rationale (see next section)
employed for sES/EES can be used to obtain the
sulphonation patterns given in Table 2. There is a
constant difference of about 0.2 ppm between the absolute
shifts given by Jin et al.?> and those in Table 2, since
different reference signals were used.

Sulphonation effects

A parameter describing the shift difference caused by
ortho vs. meta sulphonation can be evaluated for each
ring directly from Tables 1 and 2. These values are
designated X, (where Jis 0, — 1, + 1, etc.) and are given
in Table 3. A comparison of X, parameters for sSPEES
with those for sSPEEK shows a number of trends. First,
the X _, and X . , values are similar for each case, whilst
the X, , and X _, values for PEES are larger than those
for PEEK. For the former case the values are derived
from, in each case, sequences having C* bonded to
oxygen (with a para sulphone or ketone function), i.c. a
‘similar’ carbon atom in each material, whilst the latter
values originate from sequences having C* bonded
directly to the ketone or sulphone functionality, where
the nature of the carbon atom is relatively dissimilar in
the two materials. The different values of S, (the absolute
shift of C* induced by ortho sulphonation in ring 0) might
be explained by slightly different bonding geometries of
the sulphonic acid function induced by the different ring
conformations in the two polymers, since the preferred
conformations of the relevant monomers, benzophenone'’
and diphenylsulphone!®, are significantly different in
solution. Conformational changes may also be necessary
to accommodate the cations in the sulphonate salts.

As explained earlier, it is not possible to deduce the
exact sulphonation patterns, other than for ring O.
However, values can be obtained from the sES/EES
spectrum which give the absolute shift caused by ortho
and meta substitution in each ring (S,, and S,,, respect-
ively, where J is the ring number), and these are listed

PEEK in Table 4. Again it should be emphasized that for all
Signal L _qugenflie ) 4 Shift shift® rings other than ring 0 it is unclear which is the ortho
number 677y BT a% al b e’ d (ppm) (ppm) shift and which is the meta. For the +1 and —1 rings,
1 E K E° E K E*"E K 161.77 160.53
2 E K E° E K E°E K 161.59
3 E K E"E K E"E K 160.50 Table 4 S; values for the ES/EES system in DMSO-d,
4 E K E" E K E°E K 160.32
S EY E K E"E K EPE 150.71° 151.52 Ring J 8;; (jis 0 or m)
6 EFE E K E°E K F E 148.02°
7 K E° E K E"E K E 132.23 131.90 0 —3.92¢ —0.79°
8 K E" E K E"E K E 132.12 +1 —1.24 0.06
9 K E° E K EE K E 131.95 —1 1.28 0.00
10 K E" E K E°E K E 131.84 +2 —-0.24 —0.08
-2 0.58 0.26
 Shifts for non-sulphonated PEEK, see ref. 13
® Literature values? of 151.02 and 148.17 ppm Soes " Som
Table 3 Sulphonation parameters (X, and S,;) in DMSO-d¢
Polymer C-s* Sou Som X, X4, X_, X.s X_,
PEES-SO,H? 141.82 —-3.92 —0.79 3.13 1.30 1.28 0.16 0.32
PEEK-SO;H 141.59 —3.50 ~0.81 2.69 0.28 1.27 0.18 0.11
PEES-SO;Na 141.76 —3.51 —0.66 2.85 1.21 1.17 0.13 0.35
PEEK-SO;Ca 141.56 —3.39 -0.71 2.68 = 1.31 0.14 0.23

4 Shift of the carbon atom directly bonded to the sulphonate group
b Obtained from the sES/EES spectrum

¢ Either 1.01 or 0.78, unable to say which since one of the quaternary signals is obscured

128 POLYMER, 1990, Vol 31, January



BC n.m.r. spectra of aryl ether copolymers: R. J. Abraham et al.

however, it is reasonable to assume that the large absolute
effects are due to ortho sulphonic acid groups, with the
effect being predominantly transmitted through the =n
system via the functional group bridges, which have been
shown to transmit effects over several rings in a number
of studies*®=2*. In a SE ‘a, a’-diad sequence sulphonation
of ring + 1 in the ortho position would clearly affect the
7 density at the ring +1 quaternary carbon closest to
C*, and, via the bridging ‘a’ ether group, the electron
density in ring 0 and at C*, to a greater extent than
sulphonation in the meta position (from simple resonance
structures). A similar argument can be applied to
sulphonation of ring —1 in an ES ‘a, a’-diad sequence,
explaining why there is essentially no effect produced by
meta sulphonation of rings + 1 and — 1. Analogously the
larger absolute shift observed for rings +2 and —2 can
be reasonably attributed to ortho substitution with a
similar mechanism for transmission, since C* is shifted
in the same direction, but to a lesser extent, as that caused
by ortho substitution of the corresponding inner ring
(hence both +1 and + 2 ortho substitution shifts C* to
high field). If the meta sulphonation effects from +2 and
—2 were purely resonance effects, it seems reasonable to
assume they should both be zero. Since this is not the
observed behaviour, a possible explanation is to invoke
an anisotropic contribution caused by the specific con-
formation the chain adopts, pushing the outer sulphonic
acid groups closer to C* than they appear to be in the
extended chain. This may be particularly true of ring +2,
in which both ortho and meta effects are larger than
expected from a pure resonance effect, it is possible that
the additional ‘through-bond’ chain length between C*
and ring +2, compared to ring —2, allows ring +2 to
be closer to C*. These arguments allow a full assignment,
including precise sulphonation patterns (Table 1), of the
sulphonated ES/EES copolymer in DMSO-d, using the
parameters given in Table 4, where those in the left
column are now specifically designated as ortho sulphon-
ation effects. Application of the same ideas also allows
full assignment of the SPEEK spectrum (Table 2) and it
is hoped to confirm these assignments experimentally in

a later communication, using model compounds and
low-molecular-weight materials.
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